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Proper brain function relies on exquisite balance between excitation and inhibition, where 
inhibitory circuits play fundamental roles toward sculpting principle neuron output and 
information processing. In prominent models of olfactory bulb circuitry, inhibition of mitral 
cells by local interneurons sharpens odor tuning and provides contrast enhancement. 
Mitral cell inhibition occurs at both mitral cell apical dendrites and deep-layer 
dendrodendritic synapses between granule cells, the most abundant population of 
inhibitory interneurons in the olfactory bulb. However, it remains unclear whether other 
local interneurons make inhibitory connections onto mitral cells. Here, we report a novel 
circuitry with strong and reciprocal connectivity between a subpopulation of previously 
uncharacterized Corticotropin-Releasing Hormone (CRH)-expressing interneurons located 
in the external plexiform layer (EPL), and mitral cells. Using cell type-specific genetic 
manipulations, imaging, optogenetic stimulation, and electrophysiological recordings, we 
reveal that CRH-expressing EPL interneurons strongly inhibit mitral cell firing, and that 
they are reciprocally excited by fast glutamatergic mitral cell input. These findings 
functionally identify a novel subpopulation of olfactory bulb interneurons that show 
reciprocal connectivity with mitral cells, uncovering a previously unknown, and potentially 
critical player in olfactory bulb circuitry that may influence lateral interactions and/or 
facilitate odor processing. 
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INTRODUCTION 

Olfaction plays an essential role in a variety of evolutionarily 
conserved processes, including mate attraction, aggression, 
parental behaviors, food recognition, and fear response (Ache 
and Young, 2005; Dulac and Wagner, 2006). In the mammalian 
olfactory system, the main olfactory bulb (MOB) receives input 
from olfactory sensory neurons in the nasal epithelium (Ressler 
et al., 1994), and sends its output to target cells that reside in 
higher brain areas (Haberly, 2001; Davison and Ehlers, 2011; 
Ghosh et al, 2011; Miyamichi et al, 2011; Sosulski et al, 2011). 
Mitral cells, the excitatory principal neurons in the MOB, are 
the primary cell types that pass volatile olfactory information 
from the nasal epithelium to higher cortical regions for process- 
ing. Prior to cortical relay, mitral cell output is first sculpted by 
local interneurons that reside within the olfactory bulb. Initially, 
periglomerular cells and short-axon cells mediate intraglomeru- 
lar and interglomerular inhibition at mitral cell apical dendrites 
(Aungst et al, 2003; McGann et al., 2005; Shao et al, 2012). 
Granule cells (GCs), the most abundant population of GABAergic 
interneurons within the MOB, provide a source of deep-layer 
mitral cell inhibition (Isaacson and Strowbridge, 1998; Schoppa 
et al, 1998; Chen et al., 2000; Shepherd et al, 2004; Arevian 
et al., 2008). Residing in the deepest layer of the olfactory bulb, 



GCs project their dendrites to the external plexiform layer (EPL) 
and form dendrodendritic synapses onto the lateral dendrites of 
mitral cells (Price and Powell, 1970a,b). Through dendroden- 
dritic signaling, glutamate release from mitral cells excites GCs, 
which in turn triggers release of GABA back onto mitral cells. 
This reciprocal circuitry has inspired models of lateral inhibition, 
and has been proposed to narrow receptive fields, synchronize 
the timing of mitral cell firing, and provide olfactory perceptual 
contrast enhancement (Yokoi et al., 1995; Laurent, 1999; Luo and 
Katz, 2001; Schoppa and Urban, 2003; Wilson and Mainen, 2006; 
Fantana et al., 2008; Tan et al., 2010). 

Although the general MOB circuitry has been extensively stud- 
ied (Shepherd et al, 2004), the cell type diversity in the MOB 
suggests that other key players may also contribute to the cur- 
rently established model of olfactory bulb circuitry (Pressler and 
Strowbridge, 2006; Kosaka and Kosaka, 2007; Parish-Aungst et al., 
2007; Batista-Brito et al, 2008; Eyre et al, 2008). Notably, in addi- 
tion to GCs, other populations of local GABAergic interneurons 
have been described that reside in the EPL and form synapses 
with the MOB circuitry (Toida et al., 1994; Hamilton et al, 
2005; Batista-Brito et al., 2008; Kosaka and Kosaka, 2008, 2011; 
Lepousez et al., 2010b; Arenkiel et al, 2011). Ultrastructural 
analyses have shown that subpopulations of parvalbumin- and 
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somatostatin-expressing EPL interneurons form dendrodendritic 
synapses with mitral/tufted cells (Toida et al., 1994; Lepousez 
et al., 2010b). However, the functional connectivity between 
these different populations of EPL interneurons and mitral cells 
remains unknown. 

In the present study, we describe a previously uncharacter- 
ized subpopulation of Corticotropin Releasing Hormone (CRH)- 
expressing interneurons that reside exclusively in the EPL of the 
MOB. Using a CRH-Cre mouse line, we targeted this subset of 
EPL interneurons for genetic lineage analysis and conditional 
Channelrhodopsin-2 (ChR2) expression. Employing transgenic 
and conditional ChR2 virus expression, we manipulated the activ- 
ity of mitral cells to determine if these two populations of neurons 
shared functional connectivity. Through cell type-specific activity 
manipulations, optogenetic stimulation, and electrophysiological 
recordings, we show that CRH-expressing EPL interneurons make 
inhibitory connections onto mitral cells, and that they are excited 
by fast excitatory input from mitral cells. Together these data 
reveal a novel form of strong and reciprocal feedback circuitry 
in the MOB. 

MATERIALS AND METHODS 
EXPERIMENTAL MOUSE LINES 

Animals were treated in compliance with the US Department 
of Health and Human Services and Baylor College of Medicine 
IUCAC guidelines. CRH-Cre+I- mice (Crh tmX(cre)z J h ) (Taniguchi 
et al, 2011) and floxed-conditional ROSA26 ChR2 mice 
(Gt(ROSA)26Sor tm271(CAG - COP4 x huar/ tdTomato^ werg 
obtained from lackson Laboratories. CRH-Cre + /~; ROSA- 
lox-stop-lox-ChR2-YFP mice were generated by crossing male 
CRH-Cre+Z- and female ROSA-lox-stop-lox-ChR2-YFP mice. 
Thyl-ChR2 and ROSA-lox-stop-lox-tdTomato mice were previ- 
ously described (Arenkiel et al, 2007, 2011; Wang et al, 2007). 
Transgenic PCDH21-Cre mice were a kind gift from Mineto 
Yokoi. In PCDH21-Cre mice, the expression of Cre recombinase 
is controlled by a ~10-kb fragment immediately upstream of the 
putative translation initiation site of the mouse PCDH21 gene, 
and is selectively expressed in mitral/tufted cells in the MOB 
(Nagai et al, 2005). 

VIRUS INJECTIONS 

Adeno-Associated Viruses (AAV) serotype 2/9 encoding 
flexed ChR2 and flexed tdTomato (AAV2/9.EFla.DIO. 
hChR2(H134R)-EYFP.WPRE.hGH and AAV2/9.CAG.FLEX. 
tdTomato.WPRE.bGH) plasmid constructs were obtained from 
the University of Pennsylvania Vector Core and packaged in 
house. For CRH+ EPL interneuron morphology analysis, 
50 nL AAV (2.5 x 10 12 viral particles/mL) was injected into 
the MOB (from bregma: ML, ±0.9 mm; AP, 3.82 mm; and 
0.1 mm down from the surface of the MOB) of CRH-Cre mice 
using glass injection pipettes and a Nanoject II (Drummund 
Scientific Company, Broomall, PA) at a rate of 23 nl/s at 20 s 
intervals. At 10-14 d post-injection, the animals were deeply 
anesthetized using isoflurane, and perfused intracardially using 
4% paraformaldehyde (PFA). Brains were dissected, post-fixed 
overnight, and the olfactory bulbs were sliced for imaging. For 
the mitral cell — EPL interneuron connectivity experiments, 



500 nL AAV was injected into the core of the MOB (from bregma: 
ML, ±0.9 mm; AP, 3.82 mm; DL, -2.88 mm) of PCDH21 -Cre 
mice. The olfactory bulbs were dissected and sliced for imag- 
ing or electrophysiology at 10-14 d post-injection. For mitral 
cell — CRH± EPL interneuron connectivity experiments, 500 nL 
AAV (flexed tdTomato) was injected into the MOB (from 
bregma: ML, ±0.9 mm; AP, 3.82 mm; and 0.1 mm down from the 
surface of the MOB) of Thyl-ChR2; CRH-Cre mice. Olfactory 
bulbs were dissected and sliced for electrophysiology at 12-14 d 
post-injection. 

IMMUN0HIST0CHEMISTRY, HISTOLOGY, AND IMAGING 

For immunohistochemistry, animals were deeply anesthetized 
using isoflurane, followed by intracardial perfusion of PBS 
and 4% PFA. Brains were dissected and post-fixed in 4% 
PFA for 1 h at room temperature or overnight at 4°C. 
Olfactory bulbs were sectioned at 50 [im using a Compresstome 
(Precisionary Instruments, San Jose, CA) and incubated in 
blocking solution (10% normal goat serum, 0.3% Triton X- 
100 in PBS, pH 7.35) at 4°C overnight. Sections were stained 
using rabbit anti-CRH (kindly provided by Nicholas Justice, 
Baylor College of Medicine), rabbit anti-Calretinin (1:1000, 
Millipore AB5054), mouse anti-GFAP (1:1000, NeuroMab, UC 
Davis), mouse anti-NeuN (1:1000, Millipore MAB377), rab- 
bit anti-Somatostatin (1:250, Immunostar 3C11), guinea pig 
anti-Parvalbumin (1:200, Synaptic Systems 195004), rabbit 
anti-Tyrosine Hydroxylase (1:2000, Chemicon Abl52), or rab- 
bit anti-piV-spectrin (kindly provided by Matthew Rasband, 
Baylor College of Medicine). Primary antibodies were diluted 
in blocking solution and applied overnight at 4°C. The next 
day, olfactory bulb slices were washed 4 x lOmin each in PBS 
with 0.1% Triton X-100. Secondary Alexa-488 anti-rabbit, mouse, 
or guinea pig IgG (Invitrogen, Carlsbad, CA) were used at a 
final dilution of 1:500 and incubated for 1 h at room tem- 
perature. Slices were washed 4x 15min each and mounted 
with Vectashield mounting medium containing DAPI (Vector 
Laboratories, Burlingame, CA). Imaging was performed using 
a Leica TCS SPE confocal microscope under a 20 x objective. 
Neuronal marker expression was quantified by analyzing 180 x 
180 x 10 (Jim 3 fields of view and is reported as percentage ± 
SEM (« = 3 animals each, 5 slices per animal, 5 sections per 
slice). Whole bulb images of CRH-Cre; lox-stop-lox-tdTomato, 
CRH-Cre; lox-stop-lox-ChR2-YFP, and PCDH21-Cre; AAV-flexed 
ChR2 mice were taken on a Leica M205FA stereo-dissection 
microscope. 

For cell morphology analysis after biocytin injection, the 
recorded slices were fixed in 4% PFA at 4°C overnight. The follow- 
ing day, slices were washed 5 min in PBS, incubated in 0.1% H2O2 
for 10 min to quench endogenous peroxidases, washed 2x5 min 
in PBS, and incubated in ABC working solutions ( Vectastain ABC 
Kit, Vector Laboratories, Burlingame, CA) with 0.1% Tween at 
4°C overnight. After washing the slices 4 x 5 min in PBS, DAB 
solution (0.25 mg/mL, with 0.007% H2O2) was applied for 2 min. 
Signal development was quenched and the tissue was dehydrated 
in serially diluted ethanol, and mounted using permount mount- 
ing medium. Images were taken using a Zeiss Axioimager Zl 
microscope under a 40 x objective lens. Morphology analyses 
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were performed using Neurolucida software (MBF Bioscience, 
Williston, VT). 

ACUTE BRAIN SLICE PREPARATION AND ELECTROPHYSIOLOGY 

Coronal olfactory bulb slices (300 |xm) were prepared from either 
CRH-Cre; lox-stop-lox-ChR2-YFP mice (P42-P56), Thyl-ChR2 
mice (P21-P35), PCDH-Cre; AAV flexed ChR2 mice (P49-P56, 
12 dpost-injection), CRH-Cre; Thyl-ChR2; AAV flexed tdTomato 
mice (P42-P56, 14 dpost-injection), or CRH-Cre; lox-stop-lox- 
tdTomato mice (P21-P35). Animals were deeply anesthetized 
using isoflurane, and perfused intracardially with ice-cold arti- 
ficial cerebrospinal fluid (ACSF, in mM: 122 NaCl, 3 KC1, 1.2 
NaH 2 P0 4 , 26 NaHC0 3 , 20 glucose, 2 CaCl 2 , 1 MgCl 2 , 305-310 
mOsm, pH 7.3). Brains were dissected and rapidly embedded in 
low melting point agarose and sectioned into ice-cold oxygenated 
(5% C0 2 , 95% 0 2 ) dissection buffer (in mM: 87 NaCl, 2.5 KC1, 
1.6 NaH 2 P0 4 , 25 NaHC0 3 , 75 sucrose, 10 glucose, 1.3 ascorbic 
acid, 0.5 CaCl 2 , 7 MgCl 2 ), recovered (15min at 37°C) in oxy- 
genated artificial ACSF, and acclimated at room temperature for 
10 min prior to electrophysiological recordings. 

Borosilicate glass electrodes (Sutter Instruments, Novato, CA) 
were used for whole cell patch clamp recordings. Electrodes 
were pulled with tip resistance between 4 and 7M£2, and filled 
with internal solution (for current clamp: in mM, 120 K- 
gluconate, 5 KC1, 2 MgCl 2 , 0.05 EGTA, 10 HEPES, 2 Mg-ATP, 
0.4 Mg-GTP, 10 creatine phosphate, 290-300 mOsm, pH 7.3; 
for voltage clamp: in mM, 89 CsMeS0 3 , 46 CsCl, 1 MgCl 2 , 
0.16 CaCl 2 , 0.2 EGTA, 15 HEPES, 4 Na-ATP, 0.4 Na-GTP, 
15 TEA-C1, 14 creatine phosphate, 290-300 mOsm, pH 7.3). 
During recordings, coronal olfactory bulb slices were placed in 
a RT chamber mounted on an Olympus upright microscope 
(BX50WI) and perfused with oxygenated ACSF. Cells were visu- 
alized under differential interference contrast imaging. Data were 
obtained via a Multiclamp 700B amplifier, low-pass Bessel fil- 
tered at 4 kHz, and digitized on computer disk (Clampex, Axon 
Instruments). Excitation light was filtered by an EGFP filter, and 
controlled by a Smart Shutter Controller (Sutter Instruments, 
Novato, CA), which received digital commands from Clampex, 
to activate ChR2-expressing neurons in brain slices. The aver- 
age light intensity was measured to be ~20mW/mm 2 using 
a PM20 optical power meter (Thorlabs, Inc., Newton, NJ), 
and the illuminating area was ~3mm 2 . Bicuculline (50u,M), 
APV (20 |iM), CNQX (20 |xM), GABAzine (12.5 |xM), and TTX 
(lu,M) were purchased from Sigma- Aldrich, and bath-applied 
to the recording chamber during electrophysiological record- 
ings. For biocytin injections, 8 mM biocytin was added to the 
internal solution (current clamp), cells were held at resting 
potentials for 5 min, and the pipette was carefully retracted. No 
liquid-junction potential was corrected. The statistical analyses 
were performed using two-tailed Student's f-test for 2-group 
comparison. 

In vivo PH0T0STIMULATI0N, ODOR PRESENTATION. AND 
ELECTROPHYSIOLOGY 

In vivo recordings were performed on animals anesthetized with 
ketamine/dexdormatore (75 mg/kg) via intraperitoneal injection, 
followed by sustained 0.3% isoflurane with oxygen delivery to 



the animal. The dorsal surface of the olfactory bulb was carefully 
exposed as to not damage the pia or underlying brain tissue. Cells 
were confirmed as mitral cells based on recording depth, cou- 
pled baseline firing to respiration, and background activity in the 
mitral cell layers (Arenkiel et al., 2007). For light stimulation and 
electrophysiological recordings, fiber optics and 1.0 Mf2 extracel- 
lular recording electrodes (Microprobe Inc., Gaithersburg, MD) 
were used. A blue laser source (CrystaLaser, Reno, NV), was con- 
trolled by a Master-8 (A.M.P.I., Israel), and guided to the olfactory 
bulb by focusing light onto fused silica fiber optics. The average 
light intensity was measured to be ~30mW/mm 2 . Extracellular 
recordings were amplified using a Model 1800 AC amplifier 
(A-M systems, Carlsberg, WA), digitized by CED Power 1401 mk 
II, and processed using Spike2 acquisition software (Cambridge 
Electronic Design, Cambridge, England). Statistical analyses were 
performed using two-tailed paired Student's f-test for 2-group 
comparison. 

During in vivo recordings, odors were presented using a 
liquid-dispensing robot (F5200, 1 & J Fisnar, Fair Lawn, NJ) cou- 
pled to a Master-8 (A.M. P.I. , Israel) and a picospritzer (Science 
Products, Germany) for odor presentation. The odorant mix- 
ture used was a solution containing 1% each of methyl salicylate, 
trans-cinnamaldehyde, amyl acetate, pinene, citral, and limonene 
(each obtained from Sigma) in mineral oil. The odorized air 
was delivered into the continuous oxygen stream controlled via 
a Master-8. 

RESULTS 

CRH-Cre TARGETS A SUBSET OF EPL INTERNEUR0NS IN THE 
OLFACTORY BULB 

Neuronal subtypes show extensive molecular and functional 
diversity, even within regionally restricted and/or morphologi- 
cally uniform populations of cells. This genetically programmed 
cellular diversity underlies both anatomical and functional dif- 
ferences between and amongst neural microcircuits, and thus 
ultimately influences critical aspects of brain processing. To begin 
to identify uniquely distributed neuronal subtypes that popu- 
late the EPL of the mouse MOB, we performed immunohisto- 
chemistry using antibodies against diverse interneuron makers. 
Although most of these markers, including calretinin, somato- 
statin, and parvalbumin were broadly localized and did not show 
regionally restricted laminar expression (data not shown), anti- 
CRH staining revealed an enriched staining pattern in the EPL 
(Figure 1 A). Because CRH is a small, secreted neuropeptide, 
immunohistochemical staining patterns of this marker have the 
potential of labeling both CRH-expressing EPL interneurons, as 
well as extracellularly secreted CRH, thus complicating the abil- 
ity to definitively identify CRH positive cells. To circumvent this 
issue, and to more accurately determine the CRH expression pat- 
tern in EPL interneurons, we applied genetic labeling methods. 
For this, we performed genetic lineage analysis by driving con- 
ditional red fluorescent protein expression in ROSA-lox-stop-lox- 
tdTomato mice using a CRH-Cre knock-in driver line (Taniguchi 
et al., 2011). In CRH-Cre; ROSA-lox-stop-lox-tdTomato mice, the 
tdTomato reporter was robustly expressed in a subset of EPL 
interneurons (Figures 1B,C), while interneurons in the glomeru- 
lar layer (GL), internal plexiform layer (IPL), or granule cell 
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FIGURE 1 | CRH-Cre targets a subset of EPL interneurons. (A) Confocal 
image highlighting CRH protein expression in the MOB. Scale bar, 60 \i,m. 
(B) Epifluorescent image showing conditional tdTomato expression in the 
olfactory bulb of CRH-Cre; ROSA-lox-stop-lox-tdTomato mice. Scale bar, 
300 |im. (C) High magnification confocal image showing tdTomato 
expression in EPL. Scale bar, 15|im. (D-G) Confocal image of calretinin 
and DAPI staining of cells in CRH-Cre; ROSA-lox-stop-lox-tdTomato mice. 
Scale bar, 20|im. (H-N) Confocal image of GFAP and NeuN staining of cells 



in CRH-Cre; Rosa-lox-stop-lox-tdTomato mice. Scale bar, 20 nm. (0) The 
proportion of calretinin+ cells in all EPL cells, CRH+ neurons in all calretinin+ 
interneurons, GFAP+ cells in all EPL cells, and CRH+ neurons in all GFAP+ 
cells. N = 3 mice, and 20-30 sections each. Error bars represent SEM. GL, 
glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; GCL, 
granule cell layer; D, dorsal; V, ventral; M, medial; L, lateral. All the images are 
from coronal sections. In panels (B,C,D,H, and L), the red fluorescence is 
directly from tdTomato without antibody enhancement. 



layer (GCL) were not targeted and thus showed no tdTomato 
expression. Occasionally, a small proportion (less than 5%) of 
mitral cells showed low tdTomato expression in some CRH-Cre; 
ROSA-lox-stop-lox-tdTomato individuals. However, the fluores- 
cent reporter was consistently and strongly expressed in subsets 
of EPL interneurons (Figures 1B,C). 

Next, we sought to determine the fraction of EPL interneu- 
rons that expressed CRH. Toward this, we performed immuno- 
histochemistry and confocal microscopy on MOB tissue from 
CRH-Cre; ROSA-flox-stop-flox-tdTomato mice using molecular 
markers for various interneuron and glial cell types (Figures 1 
and 2). To quantify the relative fraction of CRH-expressing cells 
from the total number of interneurons that reside in the EPL, 
we first stained for calretinin, a broadly expressed interneu- 
ron marker to estimate the total number of EPL interneu- 
rons. We found that all CRH+ neurons are calretinin positive 
(calretinin+), on average the CRH+ EPL interneurons (dou- 
bly labeled tdTomato/calretinin neurons) constituted 25.69 ± 
1.31% (mean ± SEM, « = 3 mice, 25 sections each) of all 
calretinin+ interneurons, and calretinin+ interneurons consti- 
tuted 68.75 ± 2.70% of all the EPL cells (as shown by DAPI) 
(Figures 1D-G,0). To confirm that the CRH+ cells were not 
glia, we stained for both GFAP and NeuN. We found that 
there was no overlap between CRH+ cells and GFAP+ cells 
(Figures 1H-K,0). Interestingly, the expression level of NeuN 



in CRH+ EPL interneurons was low and sparse (44.2 ± 1.7%) 
(Figures 1L-N). Together, these data suggest that CRH+ cells are 
not glial cells, and they are among the few neuron types that lack 
strong NeuN expression (Mullen et al., 1992). To further charac- 
terize the molecular profiles of CRH+ EPL interneurons, we next 
stained for somatostatin, parvalbumin, and tyrosine hydroxylase, 
and characterized the overlapping expression in CRH+ interneu- 
rons (Figure 2). While tyrosine hydroxylase-!- interneurons are 
completely non-overlapping with CRH+ EPL interneurons, we 
observed variable levels of somatostatin (24.8 ± 0.8%) and par- 
valbumin (81.5 ±3%) coexpression (Figures 2 A-K), suggesting 
a significant level of biochemical heterogeneity amongst EPL 
interneurons. 

To determine the morphological properties of individual 
CRH+ EPL interneurons, we injected biocytin into single 
CRH+ EPL interneurons in brain slices from CRH-Cre; ROSA- 
lox-stop-lox-tdTomato mice and performed histological staining 
(Figure 3A). We also injected low- titer AAV encoding flexed 
ChR2 (Atasoy et al, 2008) into the olfactory bulbs of CRH-Cre 
mice to achieve sparse membrane labeling of CRH+ interneurons 
in the MOB (Figure 3B). Both methods revealed similar CRH+ 
EPL interneuron morphologies, so we pooled morphological data 
for quantitative analysis. We found that CRH+ EPL interneu- 
rons are multipolar cells with 3.5 ± 0.4 primary processes, and 
an average soma diameter of 9.6 ± 0.7 \im. The neurites spanned 
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FIGURE 2 | Molecular marker expression in CRH+ EPL interneurons. 
(A-l) Expression patterns of somatostatin, parvalbumin, and tyrosine 
hydroxylase in CRH-Cre; Rosa-lox-stop-lox-tdTomato mice. Scale bar, 20yim. 
(J) The number of cells that are labeled by tyrosine hydroxylase (TH), 
somatostatin (SST), CRH, parvalbumin, calretinin, and DAPI in EPL. N = 3 
mice, and 20-30 sections each. (K) The fraction of CRH+ neurons that are 



doubly positive for somatostatin, parvalbumin, or tyrosine hydroxylase. GL, 
glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; GCL, 
granule cell layer. Marker analysis from n = 3 mice, 25 sections each. All 
the images are from coronal sections. Error bars represent SEM. In panels 
(A,D, and G), the red fluorescence is directly from tdTomato without 
antibody enhancement. 
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FIGURE 3 | Morphological and electrical properties of EPL interneurons 
in the MOB. (Al) and (A2) Reconstruction of CRH+ EPL interneurons 
labeled via biocytin fill. Scale bar, 10u.m. (B1) and (B2) Reconstruction of 
CRH+ EPL interneurons labeled via AAV (flexed ChR2) injection into a 
CRH-Cre mouse. Scale bar, 10u.m. (C) Sholl analysis of CRH+ EPL 



interneurons, n= 10. Error bars represent SEM. (D-l) p-spectrin staining in 
CRH-Cre; ROSA-lox-stop-lox-tdTomato mice. (G-l) are high magnification 
images from the inset shown in (F). Scale bar (D-F), 50u.m; (G-l), 15u.m. All 
the images are from coronal sections. Red fluorescence is directly from 
tdTomato without antibody enhancement. 
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up to 71 ± 4.5 |xm from the cell body, and sholl analysis showed 
that the highest amount of dendritic branching occurred within 
30 u.m from the cell body (n = 10, mean ± SEM) (Figure 3C). 
In order to determine the nature of these neuronal processes, we 
stained the MOB tissues from CRH—Cre; ROSA-flox-stop-flox- 
tdTomato mice with antibodies that recognized the axonal marker 
f5 IV- spectrin. By immunohistochemistry and confocal imaging, 
we found that there was no expression of piV-spectrin in the 
CRH+ EPL interneuron neurites (Figures 3D-I), suggesting that 
CRH+ EPL interneurons are axonless. 

To reveal the cell type-specific electrical properties of these EPL 
interneurons, we next performed whole cell patch clamp record- 
ings in acute brain slices from CRH-Cre; ROSA-flox-stop-flox- 
tdTomato mice, and recorded from both CRH+ EPL interneurons 
and CRH— negative (CRH— ) EPL interneurons. We found that 
compared to CRH— EPL interneurons, CRH+ EPL interneurons 
show significantly lower resistance (Figure 4A) and higher capac- 
itance (Figure 4B). Moreover, CRH+ interneurons also showed 
more depolarized resting membrane potentials (Figure 4C), but 
higher threshold for action potentials (Figure 4D). CRH+ cells 
had baseline firing rates of 0.20 ± 0.09 Hz (n = 14), and they 
showed highly active subthreshold activity (EPSP, frequency 
11.45±3.62Hz, amplitude 1.64±0.10mV, n = 14, mean ± 
SEM), which was almost completely blocked by APV (20 |xM) 
and CNQX (20 u,M) (Figure 4E). These cells also exhibited high 
firing rates in response to current injection, with maximum fir- 
ing rates of up to 77.20 ± 6.14 Hz (« = 10) (Figure 4F). Taken 
together, these data suggest that CRH-expressing EPL interneu- 
rons comprise a population of medium-sized, and fast-spiking 



interneurons in the olfactory bulb, receive high frequency excita- 
tory input from other neurons, and based on morphological cri- 
teria may be capable of mediating interactions between spatially 
distributed mitral cells. 

CONDITIONAL EXPRESSION OF ChR2 ALLOWS FOR CELL 
TYPE-SPECIFIC MANIPULATION OF CRH+ INTERNEURON ACTIVITY 

To determine the functional connectivity between neuronal sub- 
sets, it is useful to selectively manipulate the activity of targeted 
neurons. For this, optogenetic approaches afford exquisite con- 
trol over genetically defined neuronal subtypes (Boyden et al., 
2005). To begin to elucidate the functional connectivity of CRH+ 
EPL interneurons, we crossed male CRH-Cre mice to female 
ROSA-lox-stop-lox-ChR2-YFP mice (Madisen et al., 2012) to 
allow selective and restricted photo control of ChR2 in CRH+ 
EPL interneurons (Figures 5A,B). Similar to what we observed in 
the conditional tdTomato background, reporter activation using 
the CRH-Cre driver resulted in high levels of ChR2 expres- 
sion in interneuron subsets throughout the EPL (Figures 5A,B). 
Unlike the red cell fill that was observed following conditional 
floxed tdTomato expression, ChR2-YFP localized to neuronal 
membranes, highlighting the extensive dendritic arborizations 
of EPL interneurons within the bulb (Figure 5B). In order to 
determine the light responsiveness of ChR2-expressing neu- 
rons, we performed whole cell patch clamp recordings from 
CRH+ EPL interneurons in acute olfactory bulb slices that 
were subjected to photostimulation. We found that long-pass 
filtered blue light from a xenon light source efficiently and 
robustly evoked action potentials in CRH+ EPL interneurons 




FIGURE 4 | Electrical properties of EPL interneurons in the MOB. 
(A-D) Membrane resistance, membrane capacitance, resting membrane 
potential, and action potential threshold of CRH+ (n = 25) and CRH— EPL 
(n = 10) interneurons. Student's f-test, ***p < 0.01. Error bars represent 



SEM. (E) Upper, a typical trace showing spontaneous postsynaptic currents 
in a CRH+ EPL interneuron. Lower, the spontaneous postsynaptic potentials 
is largely blocked by APV+ CNQX. (F) A representative trace showing a 
CRH+ EPL interneuron firing in response to current injection. 
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CRH-Cre; ROSA-flox-stop-flox-ChR2- YFP 




FIGURE 5 | Conditional expression of ChR2 under the control of CRH-Cre 
allows optogenetic manipulation of a subset of EPL interneurons. 

(A) Epifluorescence microscope image showing conditional ChR2 expression 
in a subset of EPL interneurons in CRH-Cre; ROSA-lox-stop-lox-ChR2 mice. 

(B) Confocal image showing a higher magnification view of inset shown in 
(A) highlighting ChR2 localization to the membrane and dendritic processes 
of EPL interneurons. GL, glomerular layer; EPL, external plexiform layer; 
MCL, mitral cell layer; GCL, granule cell layer. Scale bars: left, 300 |im; right. 



15m.iti. (C) Whole cell recording showing optogenetic induction of action 
potentials in EPL interneurons-expressing ChR2. (D) Light-evoked current 
response in ChR2-expressing EPL interneurons. (E) The peak and 
steady-state amplitude of light-evoked currents in EPL interneurons. n = 11. 
Error bars represent SEM. (F) Light-evoked currents in ChR2-expressing EPL 
interneurons in the presence of synaptic blockers. EPL IN, EPL interneuron, 
0=11; GC, granule cells, n = 9; PG, periglomerular cells, n = 8. Error bars 
represent SEM. Images in (A and B) are from coronal section. 



(Figure 5C), with a maximum firing rate of 77.93 ± 10.70 Hz 
(n =11, mean ± SEM), which is close to the maximum firing 
rate we observed by current injection (see above). Brief peri- 
ods of shutter-controlled photostimulation generated precisely 



timed photocurrents with average amplitudes of 506.1 ± 61.8 pA 
(peak), and 330.4 ± 30.7 pA (steady- state) (Figures 5D,E). Time 
latency from light initiation to the peak of the first action 
potential was 7.76 ± 0.47 ms (n = 11). To validate the cellular 
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specificity of the CRH-Cre line, we also made recordings under 
blue light from other local interneurons in the olfactory bulb, 
including granule cells and periglomerular cells. In the presence 
of synaptic blockers (CNQX 20 [iM, APV 20 |xM, and Bicuculline 
50 u,M), we found that only CRH+ EPL interneurons showed 
direct light-evoked currents (Figure 5F), which is consistent with 
imaging data showing that CRH-Cre only targets a subset of EPL 
interneurons (Figures 1B,C). 

EPL INTERNEURONS MAKE INHIBITORY CONNECTIONS ONTO MITRAL 
CELLS 

Having shown the ability to specifically manipulate the activ- 
ity of CRH+ EPL interneurons, we next sought to identify the 
nature of synaptic connectivity of these neurons within the local 
MOB circuitry. To determine the influence of EPL interneuron 
activity on mitral cell firing, we first performed in vivo extra- 
cellular recordings from mitral cells while optically manipulating 
CRH+ EPL interneuron activity in anesthetized CRH-Cre; ROSA- 
lox-stop-lox-ChR2-YFP mice, both in the absence and presence 
of odor stimuli. In the spontaneous firing state, we observed 
significant inhibition of mitral cell firing in response to blue 
light in the experimental mice, but no significant change of 
mitral cell firing in C57B1/6 wild type mice, suggesting that 
light-activated GABAergic EPL interneurons inhibited mitral cells 
(Figures 6A,B). We then presented an odorant mixture, and 
paired odor presentation with light stimulation in CRH-Cre; 
ROSA-lox-stop-lox CHR2-YFP mice to determine if CRH+ EPL 
interneuron activity influenced mitral cell responses to odorant 
stimuli (Figure 6C). Interestingly, we found that even though 
mitral cells responded differently (excitation vs. inhibition) to 
the odorant mixture, activation of CRH+ EPL interneurons 
consistently showed inhibitory effects on mitral cell responses 
(Figure 6D). These data demonstrate that EPL interneurons 
inhibit both spontaneous and odor-evoked activity in mitral cells, 
suggesting their inhibitory connectivity onto mitral cells. 

To further confirm the in vivo electrophysiological observa- 
tions, we next performed whole cell recordings from mitral cells 
in acute brain slices from CRH-Cre; ROSA-lox-stop-lox-ChR2- 
YFP mice. While recording action potentials from mitral cells, 
we observed strong and robust inhibitory effects following opto- 
genetic activation of EPL interneurons (Figure 7A). To deter- 
mine the nature of EPL interneuron — mitral cell connectivity, 
we next held mitral cells at different potentials and measured 
light-evoked postsynaptic currents. Mitral cells showed strong 
postsynaptic currents in response to blue light (41 .42 ± 14.29 pA, 
-80 mV) (n= 10, mean ± SEM) (Figures 7B,C), with time 
latencies from light initiation to the onset of postsynaptic cur- 
rents of 7.83 ± 0.29ms (« = 10), suggesting that mitral cells 
receive fast inhibitory input from CRH-expressing EPL interneu- 
rons (note that the time latency from light initiation to the peak 
of CRH+ EPL interneuron action potential was 7.76 ± 0.47 ms, 
see above). At a holding potential of OmV, we observed light- 
evoked postsynaptic currents in the opposite direction, revealing 
a GABAergic photo-evoked current (Figure 7B). To further con- 
firm the GABAergic input, we employed pharmacological meth- 
ods, and found that the postsynaptic currents were fully blocked 
by 50u,M Bicuculline (2.21 ± 0.74 pA, n = 7) (Figures 7B,C). 



Moreover, bath application of 1 \iM TTX also fully blocked light- 
evoked postsynaptic current in mitral cells, suggesting that post- 
synaptic currents were action potential dependent (Figure 7D). 
Together, data from both in vivo and in vitro recordings show 
that CRH+ EPL interneurons make strong and robust inhibitory 
connections onto mitral cells. 

To measure the unitary connectivity from CRH+ EPL 
interneurons to mitral cells, we next performed paired whole 
cell recordings between genetically labeled CRH+ EPL interneu- 
rons and mitral cells. Using CRH-Cre; lox-stop-lox-tdTomato 
mice, we recorded pairs of mitral cells and red EPL interneu- 
rons within distances of 80|xm from each other. Of the 17 
pairs attempted, 3 pairs showed unitary connectivity (Figure 7E), 
which was blocked by 12.5 u,M GABAzine. The average ampli- 
tude of the postsynaptic current was 6.83 ± 1.31 pA, and the time 
latency from the peak of CRH+ EPL interneuron action poten- 
tial to the onset of mitral cell postsynaptic current was 1.07 ± 
0.26 ms (n = 3, mean ± SEM), strongly suggesting monosynaptic 
connectivity between CRH+ EPL interneurons and mitral cells. 

MITRAL CELLS MAKE EXCITATORY CONNECTIONS ONTO CRH+ EPL 
INTERNEURONS 

Throughout the nervous system, interneurons that act to inhibit 
principal neurons often receive excitatory input from the same 
principal neurons to form a negative feedback circuitry (McBain 
and Fisahn, 2001; Markram et al., 2004). Having shown that 
EPL interneurons inhibit mitral cells, we next asked whether 
EPL interneurons and mitral cells exhibit reciprocal connec- 
tivity. To investigate this question, we set out to specifically 
manipulate mitral cell activity while recording EPL interneu- 
ron responses. For this, we used two independent approaches. 
First, we took advantage of Thyl-ChR2 line 18 mice that express 
ChR2 in mitral cells of the MOB (Arenkiel et al, 2007; Wang 
et al., 2007). We made acute olfactory bulb slices and performed 
whole cell electrophysiology recordings of EPL interneurons to 
measure postsynaptic responses to mitral cell photostimulation. 
We observed strong excitation and increased EPL interneuron 
firing rates in response to mitral cell stimulation (Figure 8A). 
We then held EPL interneuron potentials at — 80 mV and mea- 
sured their light-evoked postsynaptic currents. With selective 
mitral cell activation, we observed strong postsynaptic currents 
in EPL interneurons (94.68 ± 28.19pA, n = 9) in the presence 
of 50 \iM Bicuculline, and these currents were blocked in the 
presence of 20 [iM APV and 20|xM CNQX (2.23 ± 0.86 pA, 
n = 8), suggesting glutamatergic input (Figures 8B,C). Time 
lantencies from light activation to the onset of the postsynaptic 
current were 12.50 ± 0.36 ms, which implies direct connectiv- 
ity from mitral cells to EPL interneurons, given the fact that 
mitral cell initial spike latency was ~9.9ms (Arenkiel et al., 
2007). Interestingly, we also observed multiple components of 
EPL interneuron postsynaptic currents arriving at different time 
latencies in response to photostimulation; even though we can- 
not fully rule out the possibility that mitral cells also activated 
EPL interneurons in a polysynaptic manner, it is likely that these 
postsynaptic current components originated from multiple mitral 
cells that fired and released neurotransmitter with various time 
delays. 
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FIGURE 6 | Activation of CRH+ EPL interneurons inhibits spontaneous 
and odor-evoked mitral cell firing in vivo. (A) A representative trace 
showing the inhibition of spontaneous mitral cell firing by light activation of 
CRH+ EPL interneurons during extracellular single unit recording in a 



CRH-Cre; Rosa-lox-stop-lox-ChR2 mouse. (B) Statistical analysis showing rate 
changes of spontaneous mitral cell firing in response to blue light in ChR2+ 
(left) and ChR— (right) mice. In ChR2+ mice, spontaneous mitral cell firing 

(Continued) 
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FIGURE 6 | Continued 

was significantly decreased when CRH+ EPL interneurons are 
photo-activated, N = 20. Student's test, ***p < 0.01. However, in ChR— 
mice, light stimulation had no significant effect, N = 10. Student's t-test, 
n.s., p > 0.05. (C) A representative trace showing mitral cell excitation by an 



odorant mixture, and subsequent inhibition of odor-evoked firing following 
CRH+ EPL photostimulation. (D) Group analysis showing how 19 different 
mitral cells responded to an odorant mixture, and how the responses were 
affected by light activation of CRH+ EPL interneurons. The bars show the 
changes of mitral cell firing from baseline (no odor, no light). 
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FIGURE 7 | EPL interneurons make inhibitory connections onto mitral 
cells. (A) and (B) Whole cell recordings from mitral cells in brain slices 
from CRH-Cre; ROSA-lox-stop-lox-ChR2 mice. (A) Inhibition of mitral cell 
firing in response to EPL interneuron photostimulation. (B) Recorded 
GAESAergic postsynaptic currents in mitral cells following EPL interneuron 
photostimulation. The current was inward when the cell was held 
at — 80 mV (left) but changed its direction when the cell was held at OmV 
(middle). Resulting photocurrents are refractory to glutamate receptor 
blockers, but are absent in the presence of Bicuculline (right). Data 
shown is the average of 10 repeated traces. (C) Average amplitudes of 



light-evoked postsynaptic currents in mitral cells. Bic, Bicuculline. APV + 
CNQX, n = 10; APV + CNQX + Bicuculline, n = 7. Student's f-test, 
**p < 0.025. Error bars represent SEM. (D) The recorded postsynaptic 
current was blocked by TTX. The shown data is the average of 10 
repeated traces. (E) Unitary connectivity from a CRH+ EPL interneuron to 
a mitral cell. A short pulse of current was injected into the CRH+ EPL 
interneuron to evoke action potentials, and postsynaptic current was 
observed in the mitral cells (left). The postsynaptic currents were fully 
blocked by GABAzine (right). Jitters indicated by arrowheads are from 
external noises during the recording. 



To corroborate these data, we also utilized a Protocadherin21- 
Cre (PCDH21-Cre) mouse line in conjunction with "flexed" 
AAV for conditional expression of ChR2 in cells that express 
Cre (Atasoy et al, 2008). PCDH21-Cre mice show restricted 
Cre expression in mitral cells of the MOB (Nagai et al., 2005). 



Injecting AAV-encoding flexed ChR2 into olfactory bulbs of 
PCDH21-Cre mice allowed strong and selective expression of 
ChR2 in mitral cells (Figure 8D). Two weeks post-injection, 
we made acute brain slices from these mice and performed 
whole cell voltage clamp recordings from EPL interneurons 
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FIGURE 8 | Mitral cells make excitatory connections onto EPL 
interneurons. (A) Postsynaptic firing response and action potential 
generation in EPL interneurons following light-induced activation of mitral 
cells. Trace represents an overlay of 10 sweeps from a single recorded EPL 
from a Thy1-ChR2 mouse. (B) Left, EPL interneuron excitatory postsynaptic 
current in response to light-activation of mitral cells in the presence of 
ESicuculline in Thy1-ChR2 mice. Right, photo-responses can be blocked by 
APV+ CNQX. (C) Peak amplitudes of light-evoked postsynaptic currents in 
EPL interneurons in the presence or absence of glutamatergic blockers in 
Thyl-ChR2 mice. Bic, n = 9; Bic + APV + CNQX, n = 8. Student's f-test, 
*'*p < 0.01. Bic, Bicuculline. Error bars represent SEM. (D) Conditional 
ChR2 expression 12 d post-injection of an AAV-encoding flexed ChR2 into 
PCDH21-Cre mice. ChR2 is expressed in mitral cells of the olfactory bulb. 
Left, epifluorescence microscope image, scale bar, 200 |xm. Right, confocal 
microscope image showing a high magnification view of conditional 
AAV-ChR2 expression selectively in mitral cell membranes. The images are 
from coronal sections. Scale bar, 20|im. EPL, external plexiform layer; MCL, 
mitral cell layer; GCL, granule cell layer. (E) Left, EPL interneuron excitatory 



postsynaptic current in response to light-activation of mitral cells in the 
presence of Bicuculline in PCDH21-Cre; AAV flexed ChR2 mice. Right, 
photo-responses can be blocked by APV + CNQX. (F) Peak amplitude of 
light-evoked postsynaptic currents in EPL interneurons in the presence or 
absence of glutamatergic blockers in PCDH21-Cre; AAV flexed ChR2 mice. 
Bic, n = 9; Bic + APV + CNQX, n = 7. Student's f-test, "*p < 0.01 . 
Bic, Bicuculline. Error bars represent SEM. (G) Left, CRH+ EPL interneuron 
excitatory postsynaptic current in response to light-activation of mitral cells in 
the presence of GABAzine in Thy1-ChR2; CRH-Cre; AAV flexed tdTomato 
mice. Right, photo-responses were blocked by APV + CNQX. (H) Peak 
amplitude of light-evoked postsynaptic currents in CRH+ EPL interneurons in 
the presence or absence of glutamatergic blockers in Thyl-ChR2; CRH-Cre; 
AAV flexed tdTomato mice. GABAzine, n = 9; GABAzine + APV + CNQX, 
n = 7. Student's t-test, ***p < 0.01. Error bars represent SEM. (I) Unitary 
connection from a mitral cell to a CRH+ EPL interneuron. A short pulse of 
current was injected to generate action potentials in mitral cells, and strong 
postsynaptic currents were observed in the CRH+ EPL interneurons (left). 
The currents were completely blocked by APV + CNQX (right). 
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while photostimulating mitral cells. Similar to the Thyl-ChR2 
transgenic model, we observed strong postsynaptic currents 
in EPL interneurons in the presence of 50 |xM Bicuculline 
(85.66 ± 22.36 pA, n = 9), and these currents were blocked in 
the presence of 20 |xM APV and 20 (xM CNQX (2.37 ± 0.79 pA, 
n = 7), suggesting glutamatergic input (Figures 8E,F). Time 
latencies from light activation to the onset and peak of the 
postsynaptic current were 11.88 ± 0.81 ms. Together, these data 
support a model of strong excitatory circuitry from mitral cells 
to EPL interneurons in the MOB. 

Next, to selectively study the connectivity between mitral cells 
and CRH+ EPL interneurons, we took advantage of Thyl-ChR2; 
CRH-Cre mice and injected a flexed AAV red fluorescent protein 
reporter for conditional expression of tdTomato in the olfac- 
tory bulb. Two weeks post-injection, we prepared acute brain 
slices from these mice, and performed whole cell patch clamp 
recordings from tdTomato+ EPL interneurons. Similarly to what 
we observed in previous experiments, CRH+ EPL interneu- 
rons received strong and fast postsynaptic currents in response 
to mitral cells photostimulation in the presence of 12.5 \iM 
GABAzine (amplitude, 94.68 ± 28.19 pA, n = 9; time latency 
from the light initiation to the onset of postsynaptic current, 
12.37 ± 0.50 ms, n = 9), which were blocked by 20 (jlM APV and 
20 [iM CNQX (2.23 ± 0.86 pA, n = 7) (Figures 8G,H). 

Having shown that CRH+ EPL interneurons receive strong 
and fast excitatory input from mitral cells, we next attempted 
to record paired connections from mitral cells to CRH+ EPL 
interneurons. In CRH-Cre; lox-stop-lox-tdTomato mice, we 
performed paired whole cell recordings from mitral cells and 
labeled CRH+ EPL interneurons within distances of 80 u,m 
from each other. Out of 10 recorded pairs, 5 pairs showed 
strong unitary connectivity (Figure 81). The average postsynaptic 



current amplitude was 61.74 ± 21.76 pA, with an average latency 
of 1.02 ± 0.19 ms from the peak of mitral cell action potentials 
(n = 5, mean ± SEM). The currents were completely blocked 
by 20 (iM APV and 20 |i,M CNQX. Together, our data support 
a novel model of CRH+ EPL interneuron — mitral cell circuitry 
within the MOB: CRH+ EPL interneurons make inhibitory 
connections onto mitral cells, and receive reciprocal, excitatory 
input from mitral cells. 

DISCUSSION 

In prominent models of the MOB circuitry mitral cells are 
described to receive olfactory information from olfactory sensory 
neurons, then process and relay this information to higher brain 
areas, while interneurons in the MOB local circuits sculpt mitral 
cell activity and output. These interneurons include periglomeru- 
lar cells (McGann et al, 2005; Shao et al., 2012), superficial 
short-axon cells (Aungst et al., 2003), and granule cells, which 
form dendrodendritic synapses with mitral cells to mediate lateral 
inhibition (Schoppa and Urban, 2003). Here, using cell type- 
specific optogenetic targeting approaches, we have found that in 
addition to the mitral cell — granule cell circuitry, EPL interneu- 
rons also provide strong inhibition onto mitral cells. Moreover, 
we have found that EPL interneuron activity is controlled by fast 
glutamatergic input from mitral cells. Together, our data sup- 
port the presence of strong and reciprocal connectivity between 
EPL interneurons and mitral cells in the MOB, which may act in 
conjunction with other known interneuron types in the bulb to 
mediate lateral interactions (Figure 9). 

CRH-EXPRESSING EPL INTERNEURONS 

EPL interneurons were originally identified and have been pri- 
marily investigated through anatomical and imaging methods 




FIGURE 9 | A model of olfactory bulb circuitry that includes EPL 
interneurons. Mitral cells receive odor input from sensory neurons at 
glomeruli and send output to higher brain areas. Periglomerular cells 
inhibit mitral cells at their apical dendrites within the GL layer, 
and local granule cells provide inhibition onto mitral cells via 
dendrodendritic synapses in EPL layer. In addition to granule cells, we 



propose that intrinsic EPL interneurons also make reciprocal 
connections with mitral cells; they receive excitatory input from mitral 
cells, and send inhibitory feedback to them. The reciprocal connection 
between EPL interneurons and mitral cells may facilitate critical 
aspects of olfactory processing. + indicates excitatory connections 
and, — indicates inhibitory connections. 
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(Toida et al., 1994; Kosaka and Kosaka, 2008; Lepousez et al., 
2010b; Arenkiel et al., 2011). In search of molecular markers to 
classify differential subsets of EPL interneurons, previous studies 
have described EPL interneurons with somatostatin or paral- 
bumin immunoreactivity (Kosaka and Kosaka, 2008; Lepousez 
et al., 2010b), but these markers do not show subpopulation- 
specific restriction in the EPL, and have been shown to localize 
within other olfactory bulb cell layers. Here we describe for the 
first time a restricted pattern of CRH expression in a subset of 
EPL interneurons, and further show that CRH-Cre driver mice 
allow for selective activity manipulations in this EPL-restricted 
neuronal population. Using CRH-Cre animals, we performed 
Cre-dependent genetic reporter analysis to identify EPL interneu- 
ron subtypes that are marked by CRH, and by functional opto- 
genetic analysis to reveal a reciprocal circuitry between mitral 
cells and these interneurons on a functional level. Interestingly, 
only about 30% of EPL interneurons express CRH, which sug- 
gests that EPL interneurons may be a group of highly heteroge- 
neous neurons, and/or that CRH-expressing cells may perform 
a specialized function. Thus, it deserves further investigation to 
determine if different EPL interneurons are functionally orga- 
nized within the olfactory bulb circuitry in different ways. For 
example, tyrosine hydroxylase immunoreactive EPL interneu- 
rons have been shown on an anatomical level to lack dendro- 
dentritic synapses with mitral and tufted cells (Liberia et al., 
2012). Through combined optogenetic reporter targeting and 
electrophysiological experimentation we have identified recipro- 
cal connectivity between mitral cells and CRH-expressing EPL 
interneurons. 

In the present study, all experiments were designed to test the 
synaptic communication between CRH-expressing EPL interneu- 
rons and mitral cells. However, we have yet to determine whether 
CRH secreted by this subpopulation of EPL interneurons actu- 
ally plays a role in the MOB circuitry. CRH is a small, secreted 
neuropeptide involved in diverse physiological processes includ- 
ing food intake, stress, reproduction, and fear responses (Schulkin 
et al., 2005; Gao and Horvath, 2007), all of which are directly 
influenced by olfactory processing. Furthermore, researchers have 
shown that in extra-hypothalamic systems, CRH can modulate 
circuit activity and animal behaviors: in the central nucleus of 
the amygdala (CeA) — bed nucleus of stria terminalis (BNST) 
circuitry, CRH can regulate BNST activity and mediate animal 
fear responses (Schulkin et al., 2005). Thus, it deserves fur- 
ther investigation to determine whether CRH modulates neural 
activity, mediates neural plasticity, or facilitates olfactory pro- 
cessing together with other known neuromodulators such as 
dopamine, somatostatin, and/or acetylcholine in the MOB (Ennis 
et al., 2001; Mechawar et al, 2004; Lepousez et al, 2010a; 
MaandLuo, 2012). 

THE ROLE OF EPL INTERNEURONS IN OLFACTORY PROCESSING 

Numerous types of GABAergic interneurons have been identified 
in the MOB (Batista-Brito et al, 2008; Eyre et al, 2008, 2009; 
Kosaka and Kosaka, 2011), including granule cells, periglomeru- 
lar cells, deep short-axon cells, and EPL interneurons. GCs 
and periglomerular cells have been proposed to mediate diverse 
functions in olfactory processing, including gain control of 



mitral cell activity, molecular receptive range (MRR) narrow- 
ing and contrast enhancement, synchronizing mitral cell fir- 
ing timing, or decorrelating mitral cell firing to enhance odor 
encoding (Yokoi et al., 1995; Schoppa et al, 1998; Laurent, 
1999; Luo and Katz, 2001; Aungst et al, 2003; Schoppa and 
Urban, 2003; Wilson and Mainen, 2006; Arevian et al, 2008; 
Fantana et al, 2008; Tan et al., 2010). Another interesting 
feature of these neuronal lineages is that they exhibit adult 
neurogenesis. In the adult brain, periglomerular cells and gran- 
ule cells are continuously generated from the stem cells in 
the subventricular zone; they migrate via the rostral migra- 
tory stream, and ultimately integrate into the MOB circuitry 
(Temple and Alvarez-Buylla, 1999; Lledo and Saghatelyan, 2005; 
Lledo et al., 2006; Arenkiel et al., 2011), suggesting a highly 
plastic role in olfaction. Other populations of local interneu- 
rons, including Blanes cells and deep short-axon cells (Pressler 
and Strowbridge, 2006; Eyre et al, 2008, 2009; Arenkiel et al, 
2011), provide intrabulbar and extrabulbar GABAergic con- 
nections onto local interneurons as well as neurons in higher 
olfactory areas, but their functional role in olfactory process- 
ing remains unknown. Here, we functionally describe for the 
first time a reciprocal circuitry between EPL interneurons and 
mitral cells, consistent with previous electron microcopy evidence 
suggesting the presence of dendrodendritic synapses between 
mitral cells and a subset of EPL interneurons (Toida et al., 
1994; Lepousez et al., 2010b). Based on previous anatomical 
descriptions, and the functional analysis described here, it is com- 
pelling to assume that EPL interneurons are likely to mediate 
lateral interactions between different glomerular units through 
lateral inhibition. However, unlike granule cells or periglomeru- 
lar cells that undergo adult neurogenesis, EPL interneurons may 
be involved in more stereotyped neural circuit and olfactory 
functions. 

In the future, it will be particularly interesting to elucidate 
how this synaptic connectivity is organized in three-dimensional 
space, as well as determine the functional consequences of 
EPL interneuron-mediated inhibition upon olfactory processing. 
Further investigations using scanning microscopy to optoge- 
netically stimulate presynaptic neurons (Petreanu et al, 2007; 
Katzel et al., 2011) while recording from postsynaptic targets 
will provide a more detailed connectivity map between mitral 
cells and EPL interneurons, which can in turn advance our 
knowledge of the connectivity and function of the MOB cir- 
cuitry. Ultimately, higher resolution mapping experiments will be 
required to reveal the detailed spatial organization of the input 
and output of these neurons. By investigating the topographic 
organization of bulbar connectivity, we will gain further insight 
into the different roles for interneuron subtypes in olfaction, as 
well as elucidate basic mechanisms that underlie microcircuit 
processing. 

ACKNOWLEDGMENTS 

We would like to thank Ian Davison, Steve Shea, and Alex Herman 
for critical comments on this manuscript. This work was sup- 
ported through the McNair Medical Institute, NINDS award 
1F31NS081805 to Isabella Garcia, and NINDS 1R01NS078294 to 
Benjamin R. Arenkiel. 



Frontiers in Neural Circuits 



www.frontiersin.org 



March 2013 | Volume 7 | Article 32 | 14 



Huang et al. 



External plexiform layer interneuron connectivity 



REFERENCES 

Ache, B. W., and Young, J. M. (2005). 
Olfaction: diverse species, con- 
served principles. Neuron 48, 
417-430. 

Arenkiel, B. R., Hasegawa, H., Yi, 
J. J., Larsen, R. S., Wallace, M. 
L„ Philpot, B. D., et al. (2011). 
Activity-induced remodeling 
of olfactory bulb microcircuits 
revealed by monosynaptic trac- 
ing. PLoS ONE 6:e29423. doi: 
10.1371/journal.pone.0029423 

Arenkiel, B. R., Peca, J., Davison, I. 
G., Feliciano, C, Deisseroth, K., 
Augustine, G. J., et al. (2007). 
In vivo light-induced activation of 
neural circuitry in transgenic mice 
expressing channelrhodopsin-2. 
Neuron 54, 205-218. 

Arevian, A. C, Kapoor, V., and Urban, 
N. N. (2008). Activity-dependent 
gating of lateral inhibition in the 
mouse olfactory bulb. Nat. Neurosci. 
11, 80-87. 

Atasoy, D., Aponte, Y., Su, H. H., and 
Sternson, S. M. (2008). A FLEX 
switch targets Channelrhodopsin- 
2 to multiple cell types for 
imaging and long-range cir- 
cuit mapping. /. Neurosci. 28, 
7025-7030. 

Aungst, J. L., Heyward, P. M., Puche, 
A. C., Karnup, S. V., Hayar, A., 
Szabo, G., et al. (2003). Centre- 
surround inhibition among olfac- 
tory bulb glomeruli. Nature 426, 
623-629. 

Batista-Brito, R., Close, J., Machold, R., 
and Fishell, G. (2008). The distinct 
temporal origins of olfactory bulb 
interneuron subtypes. /. Neurosci. 
28, 3966-3975. 

Boyden, E. S., Zhang, R, Bamberg, 
E., Nagel, G., and Deisseroth, K. 
(2005). Millisecond-timescale, 
genetically targeted optical control 
of neural activity. Nat. Neurosci. 8, 
1263-1268. 

Chen, W. R., Xiong, W., and Shepherd, 
G. M. (2000). Analysis of rela- 
tions between NMDA receptors 
and GABA release at olfactory 
bulb reciprocal synapses. Neuron 25, 
625-633. 

Davison, I. G., and Ehlers, M. D. 
(2011). Neural circuit mechanisms 
for pattern detection and feature 
combination in olfactory cortex. 
Neuron 70, 82-94. 

Dulac, C, and Wagner, S. (2006). 
Genetic analysis of brain circuits 
underlying pheromone signaling. 
Annu. Rev. Genet. 40, 449-467. 

Ennis, M., Zhou, E M., Ciombor, 
K. J., Aroniadou-Anderjaska, V., 
Hayar, A., Borrelli, E., et al. (2001). 
Dopamine D2 receptor- mediated 
presynaptic inhibition of olfactory 



nerve terminals. /. Neurophysiol. 86, 
2986-2997. 

Eyre, M. D., Antal, M., and Nusser, 
Z. (2008). Distinct deep short-axon 
cell subtypes of the main olfac- 
tory bulb provide novel intrabulbar 
and extrabulbar GABAergic con- 
nections./. Neurosci. 28, 8217-8229. 

Eyre, M. D., Kerti, K., and Nusser, Z. 
(2009). Molecular diversity of deep 
short-axon cells of the rat main 
olfactory bulb. Eur. J. Neurosci. 29, 
1397-1407. 

Fantana, A. L., Soucy, E. R., and 
Meister, M. (2008). Rat olfactory 
bulb mitral cells receive sparse 
glomerular inputs. Neuron 59, 
802-814. 

Gao, Q., and Horvath, T. L. (2007). 
Neurobiology of feeding and energy 
expenditure. Annu. Rev. Neurosci. 
30, 367-398. 

Ghosh, S., Larson, S. D., Hefzi, H., 
Marnoy, Z., Cutforth, T., Dokka, K., 
et al. (2011). Sensory maps in the 
olfactory cortex defined by long- 
range viral tracing of single neurons. 
Nature 472, 217-220. 

Haberly, L. B. (2001). Parallel- 
distributed processing in olfactory 
cortex: new insights from morpho- 
logical and physiological analysis of 
neuronal circuitry. Chern. Senses 26, 
551-576. 

Hamilton, K. A., Heinbockel, T., Ennis, 
M., Szabo, G., Erdelyi, E, and 
Hayar, A. (2005). Properties of 
external plexiform layer interneu- 
rons in mouse olfactory bulb slices. 
Neuroscience 133, 819-829. 

Isaacson, J. S., and Strowbridge, B. 
W. (1998). Olfactory reciprocal 
synapses: dendritic signaling in the 
CNS. Neuron 20, 749-761. 

Katzel, D., Zemelman, B. V., Buetfering, 
C, Wolfel, M., and Miesenbock, G. 
(2011). The columnar and laminar 
organization of inhibitory connec- 
tions to neocortical excitatory cells. 
Nat. Neurosci. 14, 100-107. 

Kosaka, T, and Kosaka, K. (2007). 
Chemical properties of type 1 and 
type 2 periglomerular cells in the 
mouse olfactory bulb are different 
from those in the rat olfactory bulb. 
Brain Res. 1167, 42-55. 

Kosaka, T, and Kosaka, K. (2008). 
Heterogeneity of parvalbumin- 
containing neurons in the mouse 
main olfactory bulb, with special 
reference to short-axon cells and 
betalV-spectrin positive dendritic 
segments. Neurosci. Res. 60, 56-72. 

Kosaka, T, and Kosaka, K. (2011). 
"Interneurons" in the olfactory bulb 
revisited. Neurosci. Res. 69, 93-99. 

Laurent, G. (1999). A systems per- 
spective on early olfactory coding. 
Science 286, 723-728. 



Lepousez, G., Mouret, A., Loudes, 
C, Epelbaum, J., and Viollet, C. 
(2010a). Somatostatin contributes 
to in vivo gamma oscillation mod- 
ulation and odor discrimination in 
the olfactory bulb. /. Neurosci. 30, 
870-875. 

Lepousez, G., Csaba, Z., Bernard, V., 
Loudes, C, Videau, C, Lacombe, 
J., et al. (2010b). Somatostatin 
interneurons delineate the inner 
part of the external plexiform layer 
in the mouse main olfactory bulb. 
/. Comp. Neurol. 518, 1976-1994. 

Liberia, T, Blasco-Ibanez, J. M., 
Nacher, J., Varea, E., Zwafink, 
V., and Crespo, C. (2012). 
Characterization of a population 
of tyrosine hydroxylase- containing 
interneurons in the external plexi- 
form layer of the rat olfactory bulb. 
Neuroscience 217 ', 140-153. 

Lledo, P. M., Alonso, M., and Grubb, M. 
S. (2006). Adult neurogenesis and 
functional plasticity in neuronal cir- 
cuits. Nat. Rev. Neurosci. 7, 179-193. 

Lledo, P. M., and Saghatelyan, A. 
(2005). Integrating new neurons 
into the adult olfactory bulb: joining 
the network, life-death decisions, 
and the effects of sensory experi- 
ence. Trends Neurosci. 28, 248-254. 

Luo, M., and Katz, L. C. (2001). 
Response correlation maps of neu- 
rons in the mammalian olfactory 
bulb. Neuron 32, 1165-1179. 

Ma, M., and Luo, M. (2012). 
Optogenetic activation of basal 
forebrain cholinergic neurons 
modulates neuronal excitability 
and sensory responses in the main 
olfactory bulb. /. Neurosci. 32, 
10105-10116. 

Madisen, L., Mao, X, Koch, H., Zhuo, 
J.-M., Berenyi, A., Fujisawa, S., 
et al. (2012). A toolbox of Cre- 
dependent optogenetic transgenic 
mice for light-induced activation 
and silencing. Nat Neurosci. 15, 
793-802. 

Markram, H., Toledo -Rodriguez, M., 
Wang, Y, Gupta, A., Silberberg, G., 
and Wu, C. (2004). Interneurons 
of the neocortical inhibitory system. 
Nat Rev. Neurosci. 5, 793-807. 

McBain, C. J., and Fisahn, A. (2001). 
Interneurons unbound. Nat Rev. 
Neurosci. 2, 11-23. 

McGann, J. P., Pirez, N., Gainey, M. 
A., Muratore, C, Elias, A. S., and 
Wachowiak, M. (2005). Odorant 
representations are modulated by 
intra- but not inter glomerular 
presynaptic inhibition of olfac- 
tory sensory neurons. Neuron 48, 
1039-1063. 

Mechawar, N., Saghatelyan, A., Grailhe, 
R., Scoriels, L., Gheusi, G., Gabellec, 
M. M., et al. (2004). Nicotinic 



receptors regulate the survival of 
newborn neurons in the adult olfac- 
tory bulb. Proc. Natl. Acad. Sci. 
U.S.A. 101,9822-9826. 
Miyamichi, K., Amat, F., Moussavi, E, 
Wang, C, Wickersham, L, Wall, 
N. R., et al. (2011). Cortical rep- 
resentations of olfactory input by 
trans-synaptic tracing. Nature 472, 
191-196. 

Mullen, R. J., Buck, C. R., and Simth, 
A. M. (1992). NeuN, a neuronal spe- 
cific nuclear protein in vertebrates. 
Development 116,201-211. 

Nagai, Y, Sano, H., and Yokoi, M. 

(2005) . Transgenic expression of 
Cre recombinase in mitral/tufted 
cells of the olfactory bulb. Genesis 
43, 12-16. 

Parish- Aungst, S., Shipley, M. T, 
Erdelyi, E, and Puche, A. C. (2007). 
Quantitative analysis of neuronal 
diversity in the mouse olfactory 
bulb./. Comp. Neurol. 501, 825-836. 

Petreanu, L., Huber, D., Sobczyk, 
A., and Svoboda, K. (2007). 
Channelrhodopsin-2 -assisted cir- 
cuit mapping of long-range callosal 
projections. Nat. Neurosci. 10, 
663-668. 

Pressler, R. T, and Strowbridge, B. W. 

(2006) . Blanes cells mediate per- 
sistent feedforward inhibition onto 
granule cells in the olfactory bulb. 
Neuron 49, 889-904. 

Price, J. L., and Powell, T. P. (1970a). 
The synaptology of the granule cells 
of the olfactory bulb. /. Cell Sci. 7, 
125-155. 

Price, J. L., and Powell, T. P. (1970b). 
The morphology of the granule cells 
of the olfactory bulb. /. Cell Sci. 7, 
91-123. 

Ressler, K. J., Sullivan, S. L., and Buck, 
L. B. (1994). Information coding in 
the olfactory system: evidence for 
a stereotyped and highly organized 
epitope map in the olfactory bulb. 
Cell 79, 1245-1255. 

Schoppa, N. E., and Urban, N. N. 
(2003). Dendritic processing within 
olfactory bulb circuits. Trends 
Neurosci. 26, 501-506. 

Schoppa, N. E., Kinzie, J. M., Sahara, Y., 
Segerson, T P., and Westbrook, G. 
L. (1998). Dendrodendritic inhibi- 
tion in the olfactory bulb is driven 
by NMDA receptors. /. Neurosci. 18, 
6790-6802. 

Schulkin, J., Morgan, M. A., and 
Rosen, J. B. (2005). A neuroen- 
docrine mechanism for sustaining 
fear. Trends Neurosci. 28, 629-635. 

Shao, Z., Puche, A. C, Liu, S., 
and Shipley, M. T. (2012). 
Intraglomerular inhibition 
shapes the strength and temporal 
structure of glomerular output. 
/. Neurophysiol. 108, 782-793. 



Frontiers in Neural Circuits 



www.frontiersin.org 



March 2013 | Volume 7 | Article 32 | 15 



Huang et al. 



External plexiform layer interneuron connectivity 



Shepherd, G. M., Chen, W. R., and 
Greer, C. A. (2004). "Olfactory 
bulb," in The Synatic Organization of 
the Brain, ed G. M. Shepherd (New 
York, NY: Oxford University Press), 
xiv, 719. 

Sosulski, D. L., Bloom, M. L., Cutforth, 
X, Axel, R., and Datta, S. R. (2011). 
Distinct representations of olfac- 
tory information in different corti- 
cal centres. Nature 472, 213-216. 

Tan, J., Savigner, A., Ma, M., and Luo, 
M. (2010). Odor information pro- 
cessing by the olfactory bulb ana- 
lyzed in gene-targeted mice. Neuron 
65,912-926. 

Taniguchi, H., He, M., Wu, P., Kim, S., 
Paik, R., Sugino, K., et al. (2011). 
A resource of Cre driver lines 
for genetic targeting of GABAergic 



neurons in cerebral cortex. Neuron 
71,995-1013. 

Temple, S., and Alvarez -Buy 11a, A. 
(1999). Stem cells in the adult 
mammalian central nervous system. 
Curr. Opin. Neurobiol. 9, 135-141. 

Toida, K., Kosaka, K., Heizmann, C. 
W., and Kosaka, T. (1994). Synaptic 
contacts between mitral/tufted cells 
and GABAergic neurons contain- 
ing calcium-binding protein paral- 
bumin in the rat olfactory bulb, 
with special reference to reciprocal 
synapses between them. Brain Res. 
650, 347-352. 

Wang, H., Peca, J., Matsuzaki, M., 
Matsuzaki, K., Noguchi, J., Qiu, 
L., et al. (2007). High-speed map- 
ping of synaptic connectivity 
using photostimulation in 



Channelrhodopsin-2 transgenic 
mice. Proc. Natl. Acad. Sci. U.S.A. 
104,8143-8148. 
Wilson, R. I., and Mainen, Z. F. 
(2006). Early events in olfactory 
processing. Annu. Rev. Neurosci. 29, 
163-201. 

Yokoi, M., Mori, K., and Nakanishi, 
S. (1995). Refinement of odor 
molecule tuning by dendroden- 
dritic synaptic inhibition in the 
olfactory bulb. Proc. Natl. Acad. Sci. 
U.S.A. 92, 3371-3375. 

Conflict of Interest Statement: The 

authors declare that the research 
was conducted in the absence of any 
commercial or financial relationships 
that could be construed as a potential 
conflict of interest. 



Received: 20 November 2012; accepted: 
12 February 2013; published online: 01 
March 2013. 

Citation: Huang L, Garcia I, Jen H-I 
and Arenkiel BR (2013) Reciprocal 
connectivity between mitral cells and 
external plexiform layer interneurons 
in the mouse olfactory bulb. Front. 
Neural Circuits 7:32. dot: 10.3389/ fncir. 
2013.00032 

Copyright © 2013 Huang, Garcia, 
Jen and Arenkiel. This is an open- 
access article distributed under the terms 
of the Creative Commons Attribution 
License, which permits use, distribution 
and reproduction in other forums, pro- 
vided the original authors and source 
are credited and subject to any copy- 
right notices concerning any third-party 
graphics etc. 



Frontiers in Neural Circuits 



www.frontiersin.org 



March 2013 | Volume 7 | Article 32 | 16 



